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The  effect  of  electric-current  pulses  on  the  evolution  of  microstructure  and  texture  in  cryogenically 
rolled  copper  was  determined.  The  pulsed  material  was  found  to  be  completely  recrystallized,  and 
the  recrystallization  mechanism  was  deduced  to  be  similar  to  that  operating  during  conventional 
static  annealing.  The  microstructural  changes  were  explained  simply  in  terms  of  Joule  heating. 

A  significant  portion  of  the  recrystallization  process  was  concluded  to  have  occurred  after  pulsing; 
i.e.,  during  cooling  to  ambient  temperature.  The  grain  structure  and  microhardness  were  shown  to 
vary  noticeably  in  the  heat-affected  zone  (HAZ);  these  observations  mirrored  variations  of  temper 
colors.  Accordingly,  the  revealed  microstructure  heterogeneity  was  attributed  to  the  inhomogeneous 
temperature  distribution  developed  during  pulsing.  In  the  central  part  of  the  HAZ,  the  mean  grain 
size  increased  with  current  density  and  this  effect  was  associated  with  the  temperature  rise  per  se. 
This  grain  size  was  slightly  smaller  than  that  in  statically  recrystallized  specimens. 


I.  INTRODUCTION 

Large  deformation  at  cryogenic  temperatures  is  some¬ 
times  considered  as  a  promising  and  cost-effective 
method  for  producing  bulk  fine-grained  materials  (e.g., 
Refs.  1-5).  The  thermal  stability  of  cryodeformed  mate¬ 
rials  is  therefore  of  substantial  interest.  For  example,  in 
previous  work,6  the  static-annealing  behavior  of  cryo¬ 
genically  rolled  copper  in  the  temperature  range  of  50- 
950  °C  was  established.  The  material  was  found  to  have 
poor  microstructure  stability.  Specifically,  evidence  of 
recrystallization  was  noted  after  annealing  at  50  °C  for 
only  1  h,  and  the  material  was  completely  recrystallized 
simply  during  heating  to  450  °C.  The  recrystallization 
process  per  se  was  shown  to  be  discontinuous  in  nature. 

As  an  extension  of  the  previous  research,  the  present 
study  was  undertaken  to  determine  the  effect  of 
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electric-current  pulses  (ECP)  of  very  short  duration 
on  the  evolution  of  grain  structure  in  cryorolled  copper. 

The  influence  of  an  external  direct-current  electric  field 
on  the  mechanical  properties  of  materials  was  studied 
extensively  —50  years  ago;  a  review  of  this  work  has 
been  provided  by  Conrad  et  al.7  It  has  been  demonstrated 
that  an  imposed  electric  field  may  enhance  creep  rate, 
decrease  flow  stress,  reduce  strain  hardening,  and  increase 
strain-rate  hardening.7  It  may  also  induce  significant  micro- 
structural  changes. 7-12  Specifically,  an  enhancement  of 
recrystallization  was  found  in  copper, 8-10  whereas  retarda¬ 
tion  of  this  process  was  reported  in  interstitial-free  steel. 1 1 
Moreover,  ECP  was  shown  to  promote  the  formation  of 
a  relatively  fine-grained  microstructure, 8-10  retard  annealing 
twinning, 8-10  reduce  grain-boundary  cavitation  during 
superplastic  testing,7  and  even  promote  variant  selection 
during  phase  transformations.12  All  of  these  effects  were 
often  attributed  to  an  increase  in  the  mobility  of  dislocations 
in  the  presence  of  the  electric  current  (an  effect  sometimes 
referred  to  as  “electron  wind”)  and  subsequent  acceleration 
of  the  formation  of  recrystallization  nuclei.  The  physical 
mechanism  of  the  “electron  wind”  is  still  not  completely 
release;  distribution  unlimited. 
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clear,  however.  Current  theories  are  based  either  on  an 
assumption  of  a  specific  dislocation  resistivity  or  on 
quantum  mechanics  considerations  of  the  interactions 
between  conductions  electrons  and  dislocations.7  In 
some  research  works,  however,  the  observed  micro- 
structural  changes  during  ECP  were  suggested  to  be 
solely  due  to  Joule  heating  (e.g.,  Ref.  13). 

Despite  these  previous  studies,  many  important 
aspects  of  microstructure  evolution  during  ECP  are 
still  unclear.  The  electron  backscatter  diffraction 
(EBSD)  technique  was  used  in  the  present  work  to 
characterize  grain  structure  evolution  and  thus  to 
obtain  a  deeper  insight  into  the  process. 

II.  MATERIAL  AND  EXPERIMENTAL 
PROCEDURES 

The  material  used  in  the  present  work  consisted  of 
99.9  wt%  pure  copper  supplied  as  a  hot-rolled  bar. 
The  as-received  material  was  preconditioned  by  severe 
“abc”  deformation14  and  then  cryogenically  rolled  to 
90%  overall  thickness  reduction  (true  strain  =  —2.3). 
The  total  thickness  reduction  was  achieved  using 
multiple  passes  of  —10%  each.  To  provide  cryogenic- 
deformation  conditions,  the  rolling  perform  and  work 
rolls  were  soaked  in  liquid  nitrogen  prior  to  each  pass 
and  held  for  20  min.  Immediately  after  each  pass,  the 
workpiece  was  re-inserted  into  liquid  nitrogen.  The  total 
time  of  each  pass  (i.e.,  the  exposure  time  of  the 
specimen  under  ambient  conditions)  was  only  a  few 
seconds.  Heat  transfer  calculations  revealed  that  the 
warming  of  the  rolls  and  copper  specimens  prior  to 
rolling  due  to  free  convection  in  air  was  small,  resulting 
in  temperature  increase  of  the  order  of  only  —1-4  °C. 
Additional  details  of  the  cryorolling  process  are 
described  elsewhere.4 

To  maintain  consistency  with  the  scientific  literature 
on  rolling,  the  typical  flat-rolling  conventions  are  used 
throughout  this  work,  i.e.,  RD  denotes  the  rolling  di¬ 
rection,  TD  the  transverse  direction,  and  ND  the  normal 
direction  of  the  rolled  sheet.  For  ECP  treatment,  speci¬ 
mens  measuring  10  (RD)  x  5  (TD)  x  1  (ND)  mm3  were 
machined  from  the  cryorolled  sheets. 

ECP  was  performed  under  ambient  conditions  by 
attaching  copper  electrodes  to  the  end  of  each  sample 
and  the  subsequent  discharge  of  a  high-voltage  capacitor 
bank.  The  waveform  of  the  ECP  was  determined  to  be 
a  damped  oscillation  using  a  Rogowski  coil15  and  C8-17 
dual-trace  storage  oscilloscope  (manufactured  by 
Research  Institute  for  Radio  Engineering,  Kaunas, 
USSR).  Due  to  the  relatively  small  specimen  thickness, 
the  skin  effect  was  negligible.  Further  details  of  the  ECP 
treatment  are  described  elsewhere.13 

The  energy  released  during  ECP  was  quantified  by  the 
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in  which  j  denotes  the  current  density,  t  is  the  pulse 
duration,  k  is  the  coefficient  of  the  Rogowski  coil 
( k  =  44),  S  is  the  cross-sectional  area  of  the  pulsed 
specimen,  and  A\,  A2,  and  A3  are  the  first,  second,  and 
third  amplitudes  of  the  damped  current,  respectively.  The 
pulse  duration  was  100  ps  in  all  cases.  To  establish  the 
effect  of  ECP  energy  on  microstructure  evolution,  the 
integral  current  density  was  varied  from  K)  =  0.2  x  105 
A2  s  mnD4  to  Kj  =  0.77  x  105  A2  s  mnD4. 

To  preserve  the  microstructures  developed  during 
ECP,  the  processed  samples  were  stored  in  a  freezer 

at - 20  °C  prior  to  examination. 

Microstructural  observations  and  textural  measure¬ 
ments  were  mainly  performed  via  EBSD.  For  this 
purpose,  samples  were  prepared  using  conventional  me- 
tallographic  techniques  followed  by  electropolishing  in 
a  solution  of  70%  orthophosphoric  acid  in  water  at 
ambient  temperature  with  an  applied  potential  of  10  V. 
High-resolution  EBSD  analysis  was  conducted  using 
a  Hitachi  S-4300SE  field-emission  gun  scanning -electron 
microscope  equipped  with  a  TSL  OIM™  EBSD  system. 
To  examine  the  microstructure  and  texture  at  different 
scales,  several  EBSD  maps  were  acquired  for  each 
material  condition  with  a  scan  step  size  of  0.1  or  0.5 
pm.  To  improve  the  reliability  of  the  EBSD  data,  small 
grains  comprising  three  or  fewer  pixels  were  automat¬ 
ically  removed  from  the  maps  using  the  grain-dilation 
option  in  the  TSL  software.  Furthermore,  to  eliminate 
spurious  boundaries  caused  by  orientation  noise, 
a  lower  limit  boundary-misorientation  cutoff  of  2° 
was  used.  A  15°  criterion  was  used  to  differentiate 
low-angle  boundaries  (LABs)  and  high-angle  boundaries 
(HABs).  Grains  were  defined  as  crystallites  bordered  by  a 
continuous  HAB  perimeter. 

To  obtain  a  broader  view  of  the  underlying  micro¬ 
structure  changes,  the  Vickers  microhardness  was  also 
measured  using  a  load  of  50  g  for  10  s. 

III.  RESULTS 

A.  Cryogenically  rolled  material 

A  typical  EBSD  grain-boundary  map  obtained  from 
cryogenically  rolled  material  is  shown  in  Fig.  1(a).  In  the 
map,  LABs,  HABs,  and  E3  twin  boundaries  (within  a  5° 
tolerance)  are  depicted  by  red,  black,  and  gray  lines, 
respectively.  (The  reader  is  referred  to  online  version  of 
the  paper  to  see  the  figures  in  color.)  The  microstructure 
was  dominated  by  heavily  rolled  grains  which  were 
highly  elongated  along  the  RD.  The  grains  contained  a 
2dense  subboundary  network;  the  LABs  comprised  51% 
Distribution  A.  Approved  for  public  release;  distribution  unlimited. 
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Constant  Angl* 
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G  -  {110}<100>  (Goss  orientation) 

C-RD  -{130><100>  (Cube-RD  orientation) 


(a) 


(b) 


FIG.  1.  (a)  EBSD  grain-boundary  map  and  (b)  orientation  distribution  function  illustrating  the  microstructure  and  texture,  respectively,  of  the 
cryorolled  material.  In  (a),  red,  black,  and  gray  lines  depict  LABs,  HABs,  and  £3  twin  boundaries  (within  a  5°  tolerance),  respectively.  For 
comparison  purposes,  several  ideal  rolling  orientations  are  superimposed  on  the  ODF  in  (b). 


of  the  total  grain-boundary  area.  In  addition  to  the  LAB 
network,  a  number  of  fine,  equiaxed  grains  decorating  the 
boundaries  of  the  coarse  elongated  grains  were  noted. 

As  found  in  previous  work,16  the  fine  grains  originated 
from  local  grain  boundary  bulging  occurring  during 
warming  of  the  cryorolled  material  to  ambient  temperature 
after  deformation. 

The  cryorolled  material  was  characterized  by  a  relatively 
strong  texture  which  was  dominated  by  the  {011}  <21 1  > 
brass  component  [Fig.  1(b)].  The  formation  of  the 
brass  texture  during  cryorolling  of  copper  has  been 
reported  previously4'17  and  has  been  attributed  to  the 
suppression  of  cross  slip.4  In  the  present  work,  the 
brass  texture  was  characterized  by  a  large  orientation  spread 
giving  rise  to  noticeable  fractions  of  {01 1 }  <  1 00> 

Goss  and  {013}  <100>  cube-RD  orientations 

[Fig.  1(b)]. 

B.  Macrostructure  and  hardness  of  ECP  material 

The  macrostructure  of  electric-current  pulsed  (ECP) 
specimens  was  revealed  by  chemical  etching  after  ECP 
(Fig.  2);  such  observations  were  complemented  by  micro¬ 
hardness  measurements  (Fig.  3).  For  clarity,  contours  of 
the  locations  at  which  the  ECP  electrodes  were  attached 
are  also  shown. 

At  the  relatively  high  integral  current  density  of 
Kj  >  0.44  x  105  A2  s  mm~4,  a  so-called  heat-affected 
zone  (HAZ)  was  developed  in  the  central  (i.e.,  fully3 
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annealed)  part  of  ECP  specimens  [Fig.  2(a)], 
thus  giving  rise  to  substantial  material  softening 
[Fig.  3(a)].  As  quantified  by  the  microhardness  meas¬ 
urements  (and  somewhat  by  the  etching  response),  the 
HAZ  was  slightly  wider  than  the  space  between  the 
electrodes  [Figs.  2(a)  and  3(a)].  However,  the  macro¬ 
structure  of  the  HAZ  was  somewhat  inhomogeneous; 
variations  of  the  optical  contrast  mirrored  those  of 
microhardness  [Figs.  2(a)  and  3(a)].  In  particular, 
areas  directly  adjacent  to  the  electrodes  were  rela¬ 
tively  dark  [Fig.  2(a)],  and  the  microhardness  here 
was  as  high  as  70-80  Vickers  (Hv)  [Fig.  3(a)].  In  the 
central  part  of  the  HAZ,  the  optical  contrast  was 
bright  [Fig.  2(a)],  and  the  hardness  decreased  to  —50  Hv 
[Fig.  3(a)].  The  microstructure  in  the  HAZ  is  discussed  in 
more  detail  in  Sec.  D. 

At  a  relatively  low  integral  current  density 
(i.e.,  Kj  <  0.34  x  105  A2  s  mm’4),  the  HAZ  was  very 
small  [indicated  by  an'ows  in  Figs.  2(b)  and  3(b)].  It  was 
confined  to  the  specimen  edges  directly  adjacent  to  the 
ECP  electrodes. 

In  all  cases,  the  microhardness  in  the  HAZ  was  equal 
or  even  lower  than  that  of  statically  recrystallized 
copper,  i.e.,  —75  Hv.6  This  suggests  that  the  material 
subjected  to  ECP  experienced  recrystallization.  It  was 
also  found  that  the  microhardness  in  the  “dead  zones” 
(Fig.  3)  was  lower  than  that  in  the  as-cryodeformed 
material,  i.e.,  —182  Hv.6 
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ECP  electrodes 


FIG.  2.  Typical  low-magnification  images  of  specimens  pulsed  at  (a)  relatively  high  integral  current  ( Kj  >  0.44  x  105  A2  s  mm-4)  and 
(b)  relatively  low  integral  current  ( Kj  <  0.34  x  105  A2  s  mm-4).  In  (b),  the  arrows  indicate  the  HAZ.  For  clarity,  the  location  of  the  ECP  electrodes 
during  pulsing  is  superimposed  on  the  specimens.  Note:  The  pulsed  specimens  were  chemically  etched  to  reveal  the  microstructure. 


ECP  electrodes  ECP  electrodes 


(a)  (b) 


FIG.  3.  Microhardness  maps  for  specimens  pulsed  at  (a)  relatively  high  integral  current  (Kj  =  0.77  x  105  A2  s  mm  4)  and  (b)  relatively  low 
integral  current  (Kj  =  0.25  x  105  A2  s  mm-4).  In  (b),  arrows  indicate  the  HAZ.  For  clarity,  the  location  of  the  ECP  electrodes  during  pulsing  is 
superimposed  on  the  specimens. 


C.  Grain  structure  in  the  dead  zone 

The  source  of  material  softening  in  the  dead  zone 
mentioned  in  the  previous  section  was  ascertained  from  an 
EBSD  map  of  this  region  (Fig.  4).  Specifically,  it  was 
observed  that  the  grain  structure  [Fig.  4(a)]  was  noticeably 
different  relative  to  that  of  the  as-rolled  condition.  The 
principal  features  consisted  of  a  number  of  abnormal,  coarse 
grains  within  the  originally  fine-grained  matrix;  i.e.,  the 
microstructure  had  become  essentially  bimodal.  The  very 
large  difference  between  the  grain  sizes  suggested  that  the 
material  had  undergone  an  initial  stage  of  discontinuous 
recrystallization  with  a  few  rapidly  growing  nuclei.  The 
abnormal,  coarse  grains  were  typically  free  of  LABs,  but 
contained  annealing  twins  and  even  sporadic,  fine  uncon¬ 
sumed  grains.  Despite  the  development  of  some  abnormal 
grains,  the  texture  did  not  change  significantly  [compare 
Figs.  4(b)  and  1(b)].  The  only  noticeable  change  was  the 
appearance  of  components  with  orientations  of  (55;  30;  0) 
and  (55;  60;  0),  as  indicated  by  the  arrows  in  Fig.  4(b). 

In  a  broad  sense,  the  microstructure  within  the  dead 
zone  was  similar  to  that  developed  after  static  annealing 
at  50  °C  for  1  h.6  Thus  the  observed  material  softening 
was  most  likely  related  to  partial  recrystallization  occur¬ 
ring  in  this  area. 


D.  Grain  structure  in  the  HAZ 

The  effect  of  the  integral  current  density  on  micro¬ 
structure  in  the  central  parts  of  the  HAZ  of  pulsed 
specimens  was  also  determined  using  EBSD-based  anal¬ 
ysis  (Figs.  5  and  6).  In  all  cases,  fully  recrystallized  grain 
structures  were  found.  They  were  broadly  similar  to  those 
developed  during  static  annealing  at  300  °C  for  1  h 
[Figs.  5(a)  and  5(b)].  However,  a  more  detailed  exami¬ 
nation  showed  that  the  recrystallized  microstructures 
were  rather  inhomogeneous,  comprising  both  relatively 
small  (~1  pm)  and  large  (>  10  pm)  grains  [Fig.  5(a)]. 
The  mean  grain  size  increased  with  the  integral  current 
density,  but  typically  it  was  somewhat  smaller  than  that 
in  the  statically  recrystallized  material  [Fig.  6(a)].  The 
LAB  fraction  in  the  pulsed  specimens  was  as  small  as 
—  10%,  which  was  very  close  to  that  in  the  convention¬ 
ally  recrystallized  material  [Fig.  6(b)].  On  the  other  hand, 
the  proportion  of  S3  twin  boundaries  in  the  HAZ  was 
slightly  lower  than  that  in  the  statically  annealed  samples 
[Fig.  6(b)],  Generally,  the  results  were  in  good  agreement 
with  previous  findings  in  the  literature. 8-10,13 

The  grain-structure  distribution  in  the  HAZ  was  quanti¬ 
fied  further  using  EBSD  maps  taken  from  different  loca- 
4tions  of  the  specimen  pulsed  at  K}  =  0.77  x  10s  A2  s  mm-4 
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FIG.  4.  (a)  EBSD  grain-boundary  map  and  (b)  orientation  distribution  function  illustrating  the  microstructure  and  texture  in  the  dead  zone, 
respectively.  In  (a),  red,  black,  and  gray  lines  depict  LABs,  HABs,  and  £3  twin  boundaries  (within  a  5°  tolerance),  respectively.  For  comparison 
purposes,  several  ideal  rolling  orientations  are  superimposed  on  the  ODF  in  (b).  Arrows  in  (b)  show  (50;  30;  0)  orientation. 


FIG.  5.  Selected  portions  of  EBSD  grain-boundary  maps  showing  the  typical  microstructure  in  (a)  the  central  part  of  the  HAZ  of  the  pulsed 
material  and  (b)  the  material  statically  recrystallized  at  300  °C  for  1  h.6  In  the  maps,  red,  black,  and  gray  lines  depict  LABs,  HABs,  and  £3  twin 
boundaries  (within  a  5°  tolerance),  respectively.  Note:  The  rolling  plane  is  shown  in  both  cases. 


(Fig.  7).  The  relevant  microstructural  (and  textural)  data  are 
summarized  in  Tables  I  and  II.  These  results  indicated  that 
the  microstructure  distribution  was  noticeably  inhomoge¬ 
neous,  and  the  mean  grain  size  varied  substantially  in5 


the  HAZ  (Fig.  7  and  Table  I).  All  microstructures  were 
bimodal,  consisting  of  a  mixture  of  relatively  small  and 
large  grains  (Fig.  7).  This  was  most  pronounced  at  the 
borders  of  the  HAZ  (Region  1  in  Fig.  7).  Furthermore,  these 
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FIG.  6.  (a)  Effect  of  integral  current  on  the  mean  grain  size  and  (b)  the  fraction  of  LABs  and  X3  twin  boundaries  in  the  central  part  of  the  HAZ  of 
the  pulsed  material.  In  all  cases,  data  at  Ks  =  0  represent  the  original  cryorolled  material. 


FIG.  7.  Selected  portions  of  EBSD  grain-boundary  maps  illustrating  grain  structure  distribution  in  the  HAZ  of  the  material  pulsed  at 
Kj  =  0.77  x  105  A2  s  mm4  In  the  maps,  red,  black,  and  gray  lines  depict  LABs,  HABs,  and  E3  twin  boundaries  (within  a  5°  tolerance), 
respectively.  Note:  The  rolling  plane  is  shown. 


variations  mirrored  quite  well  the  nonuniformity  in  the 
microhardness  distributions  [Figs.  3(a)  and  7]. 

The  textures  evolved  in  all  regions  of  the  HAZ  were 
similar  to  each  other  and  to  the  texture  of  the  statically 
recrystallized  material,  as  shown  by  a  comparison  of  the 
results  in  Tables  II  and  III  and  Figs.  8  and  9.  On  the  other 
hand,  the  textures  were  distinctly  different  from  that 
developed  during  cryogenic  rolling  [Fig.  1(b)].  In  partic¬ 
ular,  they  became  very  weak  [Fig.  8(a)],  and  the  original 


Brass  and  Goss  components  disappeared  almost  com¬ 
pletely  [Figs.  8(a)  and  9(a)].  Instead,  the  texture 
comprised  mainly  (55;  30/60;  0)  and  cube-RD  com¬ 
ponents  as  well  as  newly  developed  [236}<385> 
Brass-R  and  [4;  4;  1 1 } <1 1 ;  11;  8>  Dillamore  ori¬ 
entations  [Figs.  8(a)  and  9(b)]. 

In  general,  the  microstructural  and  textural  data  gave 
evidence  that  the  material  in  the  HAZ  had  undergone 
6recrystallization.  At  K}  =  0.77  x  105  A2  s  muT4,  however, 
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TABLE  I.  Microstructure  distribution  in  the  HAZ. 


Mean  grain  size 

±  standard  deviation  (pm) 

Area  fraction  of  grain  boundaries  (%) 

Microstructure  region  in  Fig.  7 

Including  twins 

Excluding  twins 

LABs 

E3a 

Region  1 

1.3  ±  1.1 

3.7  ±  3.9 

4 

43 

Region  2 

1.6  ±  2.5 

6.4  ±  6.5 

6 

44 

Region  3 

2.6  ±  2.3 

6.5  ±  6.7 

4 

49 

“Within  Brandon's  tolerance. 


TABLE  II.  Texture  distribution  in  the  HAZ. 


Microstructure 
region  in  Fig.  7 

Peak  intensity  of 
ODF  (X  random) 

Volume  fraction  of  main  texture  components  (within  15°  tolerance)  (%) 

Brass 

Goss 

Cube-RD 

Cube 

Brass-R 

Dillamore 

(50;  30/60;  0) 

Region  1 

4.6 

4.5 

0.7 

10.7 

3.6 

11.4 

9.6 

22.2 

Region  2 

4.9 

7.9 

2.5 

9.4 

3.2 

16.6 

14.9 

20.6 

Region  3 

4.8 

4.6 

1.7 

9.4 

2.4 

14.1 

12.8 

22.0 

Note:  Dominant  components  are  highlighted  in  gray. 


TABLE  III.  Volume  fraction  of  different  texture  components  in  statically  recrystallized,  cryorolled  copper.6 


Euler  angles  (deg) 


Orientation 

<pi 

<p2 

Miller  indices 

Volume  fraction  (%)  in  statically  recrystallized  condition6 

Brass 

35 

45 

0 

{01 1 }  <2 1 1  > 

3.5 

Goss 

0 

45 

90 

{01 1  }<100> 

0.7 

Cube-RD 

0 

22 

0 

{013 }  <  100> 

8.7 

Cube 

0 

0 

0 

{001  }<100> 

4.0 

Brass-R 

80 

31 

35 

{236 }  <385> 

20.1 

Dillamore 

90 

27 

45 

{4;  4;  1 1 } <  1 1 :  11;  8> 

15.7 

50 

30 

0 

{0;  11;  19)<15;  19;11> 

22.9 

Note:  The  texture  component  (50;  30;  0)  was  revealed  during  static  recrystallization  of  cryogenically  rolled  copper.6  In  contrast  to  other  orientations  shown  in 
the  table,  it  is  not  widely  known,  and  thus  has  no  descriptive  name. 


the  mean  grain  size  was  somewhat  larger  than  that 
expected  from  the  static -recrystallization  measure¬ 
ments  [Fig.  6(a)].  In  this  case,  recrystallization  can 
be  surmised  to  have  been  followed  by  a  small  degree 
of  grain  growth. 

IV.  DISCUSSION 

A.  Temperature  transients  during  ECP 

Due  to  the  very  short  duration  of  the  current  pulse 
during  ECP  (~10~4  s),  direct  measurement  of  the 
temperature  transients  was  not  possible.  However, 
heating  of  the  copper  samples  in  air  led  to  surface 
oxidation/discoloration  within  the  HAZ  that  enabled 
an  approximate  estimate  of  the  spatial  variation  in  peak 
temperature. 

At  relatively  low  annealing  temperatures,  a  layer  of 
Cu20  is  typically  formed.  If  metallic  copper  is  still 
visible  through  the  oxide  him,  different  colors,  which 
are  dependent  on  the  thickness  of  the  him,  are  seen. 

In  particular,  when  light  hits  the  oxide,  a  portion  rehects7 
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off  its  top  surface,  and  the  remainder  passes  through  the 
oxide  and  reflects  off  the  metal-oxide  interface.  The  latter 
portion  of  light  will  be  out  of  phase  with  and  thus 
interfere  with  light  reflected  directly  from  the  top 
surface.  The  total  observed  light  is  thus  a  combination 
of  the  two.  The  amount  of  interference  varies  primarily 
with  the  oxide  thickness  and  the  wave  length  of  the 
light.  White  light  results  in  a  rainbow-like  variation  of 
color  versus  thickness  from  dark  brown  to  red,  as 
shown  in  Table  IV.18  During  exposure  at  a  relatively 
high  temperature,  on  the  other  hand,  a  thin  black  CuO 
outer  oxide  is  formed  above  a  pinkish-red  Cu20  layer, 
and  the  oxide  film  becomes  opaque. 

To  establish  the  ECP-induced  temper  colors,  a  speci¬ 
men  was  diamond  polished  to  produce  a  mirror  finish  and 
then  pulsed  at  K}  =  0.8  x  105  A2  s  mm~4.  The  formation 
of  temper  colors  between  the  electrodes  [Fig.  10(a)] 
indicated  that  the  material  experienced  Joule  heating. 
The  colors  varied  from  orange  at  the  periphery  of  the 
HAZ  to  black  along  the  centerline.  This  appearance 
suggested  the  development  of  an  inhomogeneous 
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FIG.  8.  Orientation  distribution  functions  showing  typical  texture  in  (a)  the  central  part  of  the  HAZ  of  the  pulsed  material  and  (b)  in  the  material  statically 
recrystallized  at  300  °C  for  1  h.6  For  comparison  purposes,  several  ideal  orientations  are  superimposed  on  the  ODFs.  Arrows  show  (50;  30;  0)  orientation. 


(a)  Integral  current  Kj  x  10s,  A2smm'4 


(b)  Integral  current  Kj  x  105,  Aimin'1 


FIG.  9.  Effect  of  integral  current  on  the  volume  fractions  of  (a)  rolling-texture  components  and  (b)  recrystallization-texture  components  in  the 
HAZ  of  the  pulsed  material.  In  all  cases,  data  at  Ks  =  0  represent  the  original  cryorolled  material.  Note:  Orientations  of  the  texture  components  are 
given  in  Euler  angles  (Bunge  notation). 


temperature  distribution  in  this  zone  consisting  of  a  relatively 
cold  periphery  and  a  hotter  center  (Table  IV).  This  qual¬ 
itative  temperature  distribution  mirrored  the  variation  of 
grain  size  (Fig.  7  and  Table  I)  and  microhardness  [Fig.  3(a)], 
To  supplement  the  temper-color  analysis,  the  temper¬ 
ature  rise  due  to  Joule  heating  was  quantified  from  the 
following  equation 


15. 


Here,  pe  denotes  electrical  resistivity;  70  is  the  room 
temperature;  TK  is  the  temperature  attained  in  the 
specimen;  and  p  and  c  are  the  density  and  specific  heat 
of  copper,  respectively.  The  relationship  between  the  integral 
current  density  and  the  calculated  temperature  is  shown  in 
Fig.  10(b).13  In  the  present  work,  the  calculated  temperature 
varied  from  -100  °C  (for  K}  =  0.2  x  105  A2  s 


£jpe  =  /  p cdr 


mm  4) 

to  -800  °C  (for  Kj  =  0.77  x  105  A2  s  mm  4).  For 
comparison,  the  recrystallization  range  during  static  anneal- 
(2)  ing  is  also  shown  in  the  figure. 
ja  It  should  be  noted  that  the  real  temperature  distribution 

in  the  heat-affected  zone  was  inhomogeneous,  as  deduced 
8above.  Hence,  the  calculated  temperature  should  be 
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considered  as  an  approximate  average.  In  the  extreme  case, 
the  HAZ  for  <  0.34  x  105  A2  s  mnD4  was  very  small 
[Figs.  2(b)  and  3(b)].  Thus,  the  real  current  density  and  the 
respective  calculated  temperature  in  the  local  “hot  spots”  were 
likely  considerably  higher  than  that  shown  in  Fig.  10(b). 

Based  on  this  observation,  it  may  be  concluded  that  the 
recrystallization  temperature  in  the  pulsed  specimens  was 
typically  higher  than  that  in  statically  annealed  material. 
This  agrees  well  with  direct  measurements  of  the  effect  of 
heating  rate  on  recrystallization  kinetics19  and  presum¬ 
ably  compensates  for  the  shorter  duration  of  heating. 

B.  Cooling  stage 

ECP  provides  very  rapid  heating.  The  duration  of  the 
heating  is  approximately  equal  to  that  of  the  electrical 


TABLE  IV.  The  color  and  corresponding  thickness  of  copper  oxide 
films  (after  F.H.  Constable18). 


Color  of  film  by  reflected  light 

Thickness  of  homogeneous 
film  of  some  color  (Angstrom) 

Dark  brown 

380 

Red  brown 

420 

Very  dark  purple 

450 

Very  dark  violet 

480 

Dark  blue 

500 

Pale  blue  green 

830 

Pale  silvery  green 

880 

Yellowish  green 

970 

Full  yellow 

980 

Old  gold 

1110 

Orange 

1200 

Red 

1260 

Note:  The  colors  revealed  in  Fig.  10(a)  are  highlighted  in  gray. 


pulse,  i.e.,  ~  1 0  4  s.  On  the  other  hand,  the  cooling  of  the 
pulsed  material  back  to  ambient  temperature  is  not  as 
quick.  Hence,  the  cooling  stage  may  play  an  equal,  if  not 
more  important,  role  in  microstructure  formation  per  se. 
To  clarify  this  possibility,  the  rate  of  cooling  was 
evaluated  for  specimens  pulsed  at  Kj  ranging  from 
0.44  x  105  A2  s  mnT4  [Tk  -623  K,  Fig.  10(b)]  to 
0.77  x  105  A2  s  mnT4  [Tk  -1073  K,  Fig.  10(b)], 
A  variety  of  calculations  revealed  that  the  cooling  of  the 
narrow-width  HAZ  was  determined  by  (rapid)  heat 
conduction  into  the  “dead  zones”  and  subsequent  slower 
heat  conduction  into  ECP  electrodes  and  grips.  Using 
typical  values  of  the  interface  heat  transfer  coefficient 
to  characterize  the  workpiece-electrode  interface 
(i.e.,  —1-2.5  kW/m2  K),  the  cooling  time  from  the  peak 
temperature  in  the  HAZ  to  the  ambient  temperature 
varied  in  the  range  of  —4-5  s,  the  exact  value  depending 
on  the  pulsing  conditions.  In  general,  however,  the 
cooling  time  was  —4  orders  of  magnitude  greater  than 
the  pulse  duration  itself. 

As  mentioned  in  previous  work,6  the  cryorolled 
material  was  very  unstable;  i.e.,  it  was  found  that 
a  30  s  heating  ramp  to  450  °C  was  sufficient  to  complete 
recrystallization.  It  is  apparent  that  the  cooling  period 
following  ECP  was  thus  long  enough  to  produce  a  fully 
recrystallized  structure.  Hence,  the  microstructures 
observed  in  the  HAZ  can  be  rationalized  without  recourse 
to  the  enhanced  mobility/electron-wind  effect. 

C.  Microstructure  evolution  during  ECP 

Due  to  the  very  fast  nature  of  ECP,  the  interpretation  of 
microstructure  evolution  is  not  a  trivial  task.  To  obtain 


ECP  electrodes 


(b)  Integral  current  density  Kj  x  105  A^mnr4 

FIG.  10.  (a)  Temper  colors  in  the  specimen  pulsed  at  Kj  =  0.80  x  105  A2  s  mnf4  and  (b)  relationship  between  integral  current  density  and 
calculated  temperature.  9 
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FIG.  11.  (a)  EBSD  grain-boundary  map  illustrating  the  grain  structure  at  the  moving  front  of  the  HAZ  in  Fig.  2(b)  and  (b)  orientation  distribution 
function  for  recrystallized  grains  in  the  selected  area  in  (a).  In  the  EBSD  map,  red,  black,  and  gray  lines  depict  LABs,  HABs,  and  £3  twin 
boundaries  (within  a  5°  tolerance),  respectively.  For  comparison  purposes,  several  ideal  orientations  are  superimposed  on  the  ODF  in  (b).  Arrows  in 
(b)  show  (50;  30;  0)  orientation. 


further  insight  into  the  process,  an  EBSD  map  was 
determined  for  the  transition  region  between  the  HAZ 
and  dead  zone  in  the  specimen  pulsed  at  low  current 
density  [Fig.  2(b)].  The  results  are  shown  in  Fig.  11.  The 
morphology  of  the  microstructure  ahead  of  the  growing 
front  of  the  HAZ  in  Fig.  1 1(a)  suggested  that  grain- 
structure  development  was  governed  by  discontinuous 
recrystallization  via  the  formation  and  growth  of 
recrystallization  nuclei.  To  evaluate  the  nucleation  mech¬ 
anism,  the  crystallographic  orientation  of  the  recrystal¬ 
lized  grains  ahead  of  the  growing  front  [area  enclosed  by 
the  broken  lines  in  Fig.  11(a)]  was  measured  and 
summarized  as  an  ODF  [Fig.  11(b)].  It  is  seen  that  the 
texture  of  the  recrystallization  nuclei  was  broadly  similar 
to  that  of  the  statically  recrystallized  material  [Fig.  1 1(b) 
versus  Fig.  8(b)].  In  view  of  the  similarity  in  both  texture 
and  microstructure  (Figs.  5  and  8),  it  thus  appears  that  the 
recrystallization  mechanism  was  nearly  the  same  in  both 
cases.  Accordingly,  the  microstructure  inhomogeneity  in 
the  HAZ  (Fig.  7)  may  be  explained  simply  in  terms  of  an 
intermediate  stage  in  the  nucleation  and  growth  of 
recrystallized  grains.  At  the  relatively  colder  periphery 
[Fig.  10(a)],  the  growth  of  the  recrystallized  grains  was 
limited,  and  thus  the  resulting  structure  was  fine-grained 
(Region  1  in  Fig.  7).  In  the  hottest  (central)  part  [Fig.  10(a)], 
grain  growth  was  more  pronounced,  and  therefore  the 
evolved  structure  was  more  coarse-grained  (Regions 
2  and  3  in  Fig.  7).  By  contrast,  the  dead  zone  of  the  pulsed 
specimens  experienced  limited  heat  input  during  pulsing 


and/or  during  subsequent  cooling  of  the  material  to  ambient 
temperature.  Since  the  microstructure  of  the  cryorolled 
copper  is  known  to  be  highly  unstable,6’16  however,  such 
heating  likely  gave  rise  to  a  degree  of  partial  recrystalliza¬ 
tion  (Fig.  4). 

V.  CONCLUSIONS 

In  this  work,  the  effect  of  electric  current  pulses  on  the 
evolution  of  microstructure  and  texture  of  cryogenically 
rolled  copper  was  investigated.  To  this  end,  the  material 
was  rolled  to  a  90%  thickness  reduction  at  liquid- 
nitrogen  temperature  and  then  pulsed  at  an  integral 
current  density  ranging  from  0.2  x  105  A2  s  mm~4  to 
0.77  x  105  A2  s  mm~4.  Grain  structure  and  texture 
changes  were  quantified  using  an  EBSD  technique. 
The  main  conclusions  from  this  work  are  as  follows: 

(1)  The  material  in  the  heat-affected  zone  (HAZ)  was 
completely  recrystallized.  The  recrystallization  mecha¬ 
nism  was  deduced  to  be  similar  to  that  operating  during 
conventional  static  annealing.  The  microstructural 
changes  were  explained  simply  in  terms  of  Joule  heating 
and  similar  observations  for  static  recrystallization.  No 
evidence  of  an  “electron-wind”  effect  was  found. 

(2)  Analysis  of  the  temper  color  in  the  HAZ  indicated 
an  inhomogeneous  temperature  distribution.  Near  the 
electrodes,  the  temperature  was  deduced  to  be  relatively 
low,  whereas  in  the  central  part  of  the  HAZ  it  was  high. 

lQThe  temperature  distribution  was  shown  to  control 


Distribution  A.  Approved  for  public  release;  distribution  unlimited. 
2736  J.  Mater.  Res.,  Vol.  29,  No.  22,  Nov  28,  2014 

http://ioumals.cambridge.org 


Downloaded:  05  Dec  2014 


IP  address:  132.3.33.78 


T.  Konkova  et  al.:  Effect  of  electric-current  pulses  on  grain-structure  evolution  in  cryogenically  rolled  copper 


variations  of  the  recrystallized  grain  size  and  thus  micro¬ 
hardness  across  the  HAZ. 

(3)  The  cooling  time  of  the  pulsed  specimens  was 
estimated  to  be  ~4  orders  of  magnitude  longer  than  the 
duration  of  the  electric-current  pulse.  Thus,  a  significant 
portion  of  the  microstructure-evolution  process  occurred 
after  ECP  during  cool  down  to  ambient  temperature. 

(4)  In  the  central  part  of  the  HAZ,  the  mean  grain  size 
increased  with  the  integral-current  density;  this  effect  can 
be  directly  related  to  the  temperature  rise. 

(5)  The  mean  grain  size  in  the  pulsed  specimens  was 
typically  smaller  than  that  in  the  statically  annealed 
material,  but  this  effect  was  relatively  small. 
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